Although lamivudine and emtricitabine, two L-deoxycytidine analogs, have been widely used as antiviral drugs for years, a structural basis for D-stereoselectivity against L-dNTPs, enantiomers of natural nucleotides (D-dNTPs), by any DNA polymerase or reverse transcriptase has not been established due to lack of a ternary structure of a polymerase, DNA, and an incoming L-dNTP. Here, we report 2.10-2.25 Å ternary crystal structures of human DNA polymerase λ, DNA, and L-deoxycytidine 5′-triphosphate (L-dCTP), or the triphosphates of lamivudine ((−)3TC-TP) and emtricitabine ((−)FTC-TP) with four ternary complexes per asymmetric unit. The structures of these 12 ternary complexes reveal that relative to D-deoxycytidine 5′-triphosphate (D-dCTP) in the canonical ternary structure of Polλ-DNA-D-dCTP, L-dCTP, (−)3TC-TP, and (−)FTC-TP all have their ribose rotated by 180°. Among the four ternary complexes with a specific L-nucleotide, two are similar and show that the L-nucleotide forms three Watson-Crick hydrogen bonds with the templating nucleotide dG and adopts a chair-like triphosphate conformation. In the remaining two similar ternary complexes, the L-nucleotide surprisingly interacts with the side chain of a conserved active site residue R517 through one or two hydrogen bonds, whereas the templating dG is anchored by a hydrogen bond with the side chain of a semiconserved residue Y505. Furthermore, the triphosphate of the L-nucleotide adopts an unprecedented N-shaped conformation. Our mutagenic and kinetic studies further demonstrate that the side chain of R517 is critical for the formation of the abovementioned four complexes along proposed catalytic pathways for L-nucleotide incorporation and provide the structural basis for the D-stereoselectivity of a DNA polymerase. (Fig. 1) , possess L-stereochemistry. Both lamivudine and emtricitabine have been shown to be more effective in inhibiting HIV-1 RT and less toxic than their enantiomeric D-isomers (1-4). In addition, both lamivudine, a potent inhibitor of hepatitis B virus (HBV) (5), and telbivudine, the L-analog of thymidine, are approved drugs for the treatment of HBV infection, whereas emtricitabine is currently in clinical trials for this purpose (6). These L-nucleoside analogs demonstrate less clinical toxicity than their corresponding D-isomers, likely because human DNA polymerases possess strong D-stereoselectivity by preferentially binding and incorporating D-dNTPs over unnatural nucleotides with L-stereochemistry (L-dNTPs) during DNA synthesis. Surprisingly, a structural basis for the discrimination against L-dNTPs by any DNA polymerase or RT has not been established, although D-stereoselectivity has been successfully explored in antiviral drug development.
Although lamivudine and emtricitabine, two L-deoxycytidine analogs, have been widely used as antiviral drugs for years, a structural basis for D-stereoselectivity against L-dNTPs, enantiomers of natural nucleotides (D-dNTPs), by any DNA polymerase or reverse transcriptase has not been established due to lack of a ternary structure of a polymerase, DNA, and an incoming L-dNTP. Here, we report 2.10-2.25 Å ternary crystal structures of human DNA polymerase λ, DNA, and L-deoxycytidine 5′-triphosphate (L-dCTP), or the triphosphates of lamivudine ((−)3TC-TP) and emtricitabine ((−)FTC-TP) with four ternary complexes per asymmetric unit. The structures of these 12 ternary complexes reveal that relative to D-deoxycytidine 5′-triphosphate (D-dCTP) in the canonical ternary structure of Polλ-DNA-D-dCTP, L-dCTP, (−)3TC-TP, and (−)FTC-TP all have their ribose rotated by 180°. Among the four ternary complexes with a specific L-nucleotide, two are similar and show that the L-nucleotide forms three Watson-Crick hydrogen bonds with the templating nucleotide dG and adopts a chair-like triphosphate conformation. In the remaining two similar ternary complexes, the L-nucleotide surprisingly interacts with the side chain of a conserved active site residue R517 through one or two hydrogen bonds, whereas the templating dG is anchored by a hydrogen bond with the side chain of a semiconserved residue Y505. Furthermore, the triphosphate of the L-nucleotide adopts an unprecedented N-shaped conformation. Our mutagenic and kinetic studies further demonstrate that the side chain of R517 is critical for the formation of the abovementioned four complexes along proposed catalytic pathways for L-nucleotide incorporation and provide the structural basis for the D-stereoselectivity of a DNA polymerase. (Fig. 1) , possess L-stereochemistry. Both lamivudine and emtricitabine have been shown to be more effective in inhibiting HIV-1 RT and less toxic than their enantiomeric D-isomers (1) (2) (3) (4) . In addition, both lamivudine, a potent inhibitor of hepatitis B virus (HBV) (5) , and telbivudine, the L-analog of thymidine, are approved drugs for the treatment of HBV infection, whereas emtricitabine is currently in clinical trials for this purpose (6) . These L-nucleoside analogs demonstrate less clinical toxicity than their corresponding D-isomers, likely because human DNA polymerases possess strong D-stereoselectivity by preferentially binding and incorporating D-dNTPs over unnatural nucleotides with L-stereochemistry (L-dNTPs) during DNA synthesis. Surprisingly, a structural basis for the discrimination against L-dNTPs by any DNA polymerase or RT has not been established, although D-stereoselectivity has been successfully explored in antiviral drug development.
Despite high clinical efficacy, NRTIs are often associated with various drug toxicities resulting from the inhibition of host DNA polymerases that share a catalytic mechanism akin to HIV-1 RT (7) . There are 16 identified human DNA polymerases that belong to A-, B-, X-, and Y-families. NRTI-associated mitochondrial toxicity has been linked with the inhibition of human DNA polymerase γ (Polγ), an A-family enzyme (8) , whereas NRTIinduced genomic instability can be correlated with the inhibition of human replicative B-family polymerases α, δ, and e (9-11). Recently, our systematic kinetic analysis exploring the relative involvement of various host DNA polymerases in NRTI-associated drug toxicity highlights that DNA damage repair X-family polymerases β and λ (Polλ) and DNA lesion bypass Y-family polymerases η, κ, ι, and Rev1 are more prone to inhibition by the triphosphates of NRTIs than replicative DNA polymerases and can incorporate these analogs as efficiently as HIV-1 RT in vitro (12) . Both the absence of a proofreading 3′→5′ exonuclease activity and a flexible active site are attributed to the increased inhibition of human X-and Y-family DNA polymerases over human replicative enzymes.
Significance
DNA polymerases are known to select against L-nucleotides, the enantiomers of natural D-nucleotides. However, the structural basis for D-stereoselectivity of a DNA polymerase has not been established, although two L-nucleoside analogs, lamivudine and emtricitabine, have been widely used as anti-HIV and antihepatitis B drugs. Here, we report ternary crystal structures of human DNA polymerase λ in complex with DNA and L-deoxycytidine 5′-triphosphate, or its analogs (the triphosphates of lamivudine and emtricitabine). These structures reveal that unlike a polymerase-bound D-nucleotide, an L-nucleotide initially interacts with an active site arginine residue through hydrogen bonds and then pairs with the templating nucleotide. Our work provides a structural basis for the D-stereoselectivity of a polymerase and valuable insight toward design of less toxic antiviral nucleoside analogs.
Although there are hundreds of published ternary crystal structures (polymerase-DNA-D-dNTP) to show how a DNA polymerase or RT binds and incorporates a natural or unnatural incoming nucleotide with D-stereochemistry into DNA, a structural basis for the D-stereoselectivity of a DNA polymerase or RT is still unclear due to the lack of any ternary crystal structure with L-dNTP (polymerase-DNA-L-dNTP). To establish this structural basis, we cocrystallized and solved the ternary structures of human Polλ, a single-nucleotide gapped DNA substrate, and L-dCTP or its analogs (−)3TC-TP and (−)FTC-TP (Fig. 1) . Polλ (13-16) fills DNA gaps and plays putative roles in base excision repair (13) (14) (15) (16) (17) , nonhomologous end joining (18) , and V(D)J recombination (19) . Our structures illustrate how L-nucleotides, relative to D-dNTPs, are bound within the active site of a polymerase and then proceed through catalysis, and also facilitate the development of less toxic and more potent antiviral L-nucleoside analogs.
Results and Discussion
Difference in the Kinetics of the Binding and Incorporation of L-dCTP and Its Analogs Catalyzed by Human Polλ at 37°C. At the active site of a DNA polymerase or RT, the primer 3′-OH makes an in-line nucleophilic attack on the α-phosphate of an incoming D-dNTP, forming a new phosphodiester bond during DNA synthesis.
Changing the stereochemistry of the incoming nucleotide from D to L is expected to alter its interactions with the templating nucleotide and active site residues and influence nucleotide binding and incorporation. Our pre-steady-state kinetic analysis confirms that L-dCTP (SI Appendix, Fig. S1 ), (−)3TC-TP, and (−)FTC-TP were all incorporated with both maximum rate constants (k p ) and efficiencies (k p /K d ) several orders of magnitude lower than D-deoxycytidine 5′-triphosphate (D-dCTP) ( Table 1) . Although the L-stereochemistry did not significantly affect the nucleotide binding affinity (1/K d ) based on similar equilibrium dissociation constants (K d ) of L-dCTP and D-dCTP, the chemical modification in the sugar rings of (−)3TC-TP and (−)FTC-TP contributed to their two-to sixfold higher affinity relative to L-dCTP (Table 1) . Our kinetic data further indicate that Polλ preferentially incorporated D-dCTP over L-dCTP with the D-stereoselectivity, defined as (
, whereas the D-stereoselectivity was reduced to only 100 and 192 for the incorporation of (−)3TC-TP and (−)FTC-TP, respectively (Table 1) . Thus, the chemical changes in the ribose of (−)3TC-TP and (−)FTC-TP relaxed the D-stereoselectivity of Polλ by 100-fold and made these L-nucleotide analogs better substrates than L-dCTP. To establish a structural basis for the kinetic differences in the binding and incorporation 
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An incoming nucleotide was incorporated opposite the templating nucleotide dG in the single-nucleotide gapped DNA substrate 21-mer·19-mer/41-mer (SI Appendix, Fig. S1A ) catalyzed by either wild-type human DNA Polλ or its mutant R517A at 37°C. Table S1 ) with four different ternary complex molecules (denoted as complexes A, E, I, and M) per asymmetric unit (SI Appendix, Table S2 ). These crystal structures were refined to a resolution of 2.10-2.25 Å and are referred to as Polλ-DNA-L-dCTP, Polλ-DNA-(−)3TC-TP, and Polλ-DNA-(−)FTC-TP (SI Appendix, Table S1 ). Notably, the Polλ protein structure in complexes A of Polλ-DNA-L-dCTP, Polλ-DNA-(−)3TC-TP, and Polλ-DNA-(−)FTC-TP and in Polλ-DNA-D-dCTP are almost superimposable with a root-mean-square deviation (rmsd) of 0.70-0.77 Å, whereas modestly larger Polλ protein structural changes are displayed in complexes E, I, and M relative to Polλ-DNA-D-dCTP with rmsds of 0.89-1.37 Å (SI Appendix, Table S2 ). Interestingly, superposition of the four complexes with the same incoming L-nucleotide-for example, the complexes of Polλ-DNA-L-dCTP in Fig. 2 -reveals that complexes A and E are closely related, whereas complexes I and M resemble each other based on the overall similarity of their ternary structures, including the binding conformations of their active site residues, the nascent base pair, and the DNA substrate. Fig. 4A) , the sugar puckers of the L-nucleotides in complexes A and E are in a C3′-endo conformation, whereas their triphosphate moieties adopt a chair-like ( ) conformation observed in canonical polymerase-undamaged DNA-correct D-dNTP ternary structures (24) , and interact with both divalent metal ions in the active site ( Fig. 4B and SI Appendix, Fig. S5 and Table S3) .
DNA-D-dCTP (
Surprisingly, L-dCTP, (−)3TC-TP, and (−)FTC-TP form one (in complexes I) or two (in complexes M) hydrogen bonds with an active site residue R517 in an anti-conformation and do not pair with the templating nucleotide dG, which instead interacts with Y505 through a short hydrogen bond ( Fig. 3 and SI Appendix, Fig. S4 , Right). To form such unusual L-nucleotide:R517 pairs as exemplified in Polλ-DNA-L-dCTP, the following structural changes occur relative to their positions in complexes A and E (Fig. 2) : (i) The base of L-dCTP is closer to the template strand by 2.2-3.2 Å; (ii) the template strand backbone adjusts its position horizontally by 4.2-4.6 Å; (iii) the templating base changes its position downward by 3.5-4.6 Å; (iv) all base pairs in the single-nucleotide gapped DNA substrate adjust their positions, especially the junction base pair between the upstream primer and the template where the −1 template base shifts its position downward by 1.9-2.4 Å; (v) the guanidinium moiety of R517 shifts upward by 3.5-4.4 Å; (vi) the side chains of D427, D429, D490, Y505, and F506 all significantly reposition; and (vii) the two divalent metal ions shift their positions by 1.4-2.4 Å, with a larger movement at site B than at site A. Interestingly, the L-nucleotide:R517 hydrogen bonding pair is reminiscent of the noncanonical pair formed between an incoming D-dCTP and an active site arginine residue in the ternary structures of yeast (25) and human (26) Y-family DNA polymerase Rev1-DNA-DdCTP, although the nitrogen atoms of the arginine side chain used in Rev1 and Polλ for such unique pairing are different (SI Appendix, Fig. S6 ). Strikingly, of the four natural D-dNTPs, only D-dCTP can form two hydrogen bonds with the arginine residue in Rev1 (SI Appendix, Fig. S6A ), which is why Rev1 is a protein template-dependent, dCTP-specialized polymerase (27, 28) . Notably, R517 of Polλ is conserved in three other human X-family DNA polymerases (SI Appendix, Fig. S6C ). Thus, these DNA polymerases could form ternary complexes with L-nucleotides similar to complexes M and I. This possibility is currently being investigated in our laboratory.
In addition, unlike the triphosphates in complexes A and E (Fig. 4B) as well as in Polλ-DNA-D-dCTP (Fig. 4A) , all triphosphate moieties in complexes I and M are in a novel N-shaped conformation (Fig. 4C) , except one in a chair-like conformation (SI Appendix, Fig. S4D ), and interact with only the divalent metal ion at site B ( Fig. 3 and SI Appendix, Fig. S4 , Right). The distance between the α-phosphorus atom and the primer 3′-OH (7.1-9.3 Å)
is Table  S3 ), suggesting that complexes I and M are not the ternary structure created immediately before phosphodiester bond formation. As in complexes A and E, constraints from both the L-stereochemistry and the L-nucleotide:R517 hydrogen bonding interactions flip the sugar rings of the three L-nucleotides in complexes I and M by 180° (Fig. 3 and SI Appendix, Fig. S4 , Right).
Structural Basis for Potential Catalytic Pathways of L-Nucleotide
Incorporation. Superposition of the binary structure of Polλ-DNA and the ternary structure of Polλ-DNA-D-dNTP has revealed that D-dNTP binding induces DNA and protein conformational changes including an average of 5 Å shift of the template strand relative to the primer strand; repositioning of a loop between β-strands 3 and 4 in the palm domain and β-strand 8 in the thumb domain; motions of the side chains of I492, Y505, F506, R514, and R517, which form part of the nucleotide binding pocket at the active site; and movements of the metal ion ligands D427, D429, and D490 (SI Appendix, Fig. S7 ) (21) . As discussed above, among the four complexes of Polλ-DNA-L-dCTP, complex A and Polλ-DNA-D-dCTP (SI Appendix, Fig. S2 ) are structurally most similar and so are complex M and Polλ-DNA (SI Appendix, Fig. S3 ). Furthermore, the distance between the α-phosphorus atom and the primer 3′-OH in the four complexes of Polλ-DNA-L-dCTP follows the order of complex A < E << I < M, and the distances in complexes A and E are close to that in Polλ-DNA-D-dCTP (SI Appendix, Table S3 ). Together, these results suggest that the binding of L-dCTP to Polλ-DNA likely yields complex M first and ends with complex A before catalysis, and the four complexes of Polλ-DNA-L-dCTP reflect different binding conformations formed along proposed pathway I (Fig. 5) . However, it is also possible that L-dCTP binds to Polλ-DNA and forms complex A and/or E (Step 1′) without going through complexes M/I (pathway II in Fig. 5) . During the first step in pathway I to form complex M, the binding of L-dCTP causes little movement of the side chains of I492, Y505, F506, R514, and R517 but moderately shifts the templating nucleotide dG downward, which is anchored by a 2.8 Å hydrogen bond with the hydroxyl group of Y505 (Fig.  3B) . These structural changes allow R517 to form two hydrogen bonds and pair with the incoming L-dCTP. Because complexes I and M are structurally similar (see above), these two binding conformations are assumed to be in an equilibrium. Notably, one of the two hydrogen bonds in L-dCTP:R517 is lengthened from 3.2 Å in complex M (Fig. 3B ) to 3.8 Å in complex I (SI Appendix, Fig. S4B ) and thereby is abolished, whereas the distance between the α-phosphorus atom and the primer 3′-OH is shortened slightly (SI Appendix, Table S3 ), suggesting the catalysis direction is going forward from complex M to I. Then, the dramatic conversion of complex I to E (step 2) occurs when the loop between β-strands 3 and 4, the side chains of several active site residues including R517, the divalent metal ions, and the template strand including the templating nucleotide dG all significantly reposition (SI Appendix, Fig. S7 D-F) as observed from Polλ-DNA to Polλ-DNA-D-dNTP (SI Appendix, Fig. S7 A-C) . During this conversion step, L-dCTP also shifts its position, forms a WatsonCrick base pair with dG, changes its triphosphate conformation from N-shaped to chair-like (Fig. 5) , and considerably shortens the distance from its α-phosphorus atom to the primer 3′-OH (9.2 → 3.9 Å; SI Appendix, Table S3 ). Step 2 is followed by another hypothetical equilibrium between two closely related conformations in complexes A and E (see above). Finally, L-dCTP is incorporated into DNA, whereas pyrophosphate is released, leading to the reformation of the binary structure of Polλ-DNA (step 3 in Fig. 5 ).
Like D-dCTP in Polλ-DNA-D-dCTP, the L-nucleotide also forms multiple interactions with the active site residues and the DNA substrate (SI Appendix, Fig. S5 ) within each of the four distinctive complexes in pathway I. For the interactions in SI Appendix, Fig. S5A , we have previously used mutagenic and kinetic approaches to show that Polλ employs a network of active site residues to tightly bind both correct and incorrect D-dNTPs (29) . When comparing SI Appendix, Fig. S5 Table S3 ), indicating that the binding of L-dCTP is well ordered in complexes A and E. Relative to D-dCTP (SI Appendix, Fig.  S5A ), the binding of L-dCTP in complexes I and M (SI Appendix, Fig. S5E ) is through a different interaction pattern within the active site of Polλ and is relatively more dynamic, as suggested by its higher average B factors (SI Appendix, Table S3 ). Specifically, L-dCTP in complexes I and M (SI Appendix, Fig. S5E ) is bound by the hydrogen bonds in the L-dCTP:R517 pair, the salt bridge between the γ-phosphate of L-dCTP and R386, the stacking interactions between the ribose of L-dCTP and the aromatic side chains of Y505 and F506 (Fig. 6F) , the interaction between the β-phosphate of L-dCTP and the metal ion at site B, and the hydrogen bond between the 3′-OH of L-dCTP and the backbone carbonyl group of F506. Furthermore, relative to the chair-like triphosphate conformation in L-dCTP in complexes A and E as well as in D-dCTP, the N-shaped triphosphate conformation in L-dCTP in complexes I and M is stabilized by an extra 2.8 Å hydrogen bond between the α-phosphate and the backbone amide bond of A510 (SI Appendix, Fig. S5E ).
To provide solution evidence for the existence of complexes I and M in pathway I, R517, which pairs with L-dCTP in these complexes ( Fig. 3 and SI Appendix, Fig. S4 ), was mutated to alanine. This R517A mutant incorporated D-dCTP with a 2,000-fold lower k p (9.6 × 10 −4 ·s
) and a fourfold lower K d than wildtype Polλ (SI Appendix, Fig. S8A and Table 1 ). Consistently, we have previously shown that the R517A mutation in Polλ decreases the k p of correct D-dTTP incorporation by 250-fold, although it enhances dTTP binding affinity by twofold (29) . The drastic decrease in k p is not surprising, as R517 in Polλ-DNA-DdCTP interacts with the templating nucleotide, the -1 template nucleotide, and E529 (SI Appendix, Fig. S9A ) and thereby stabilizes the template for catalysis (30) . Surprisingly, R517A could not incorporate L-dCTP after 7 h at 37°C (SI Appendix, Fig.  S8B ). The failure of L-dCTP incorporation suggests that either L-dCTP was unable to bind to the binary complex of R517A-DNA and form a ternary complex R517A-DNA-L-dCTP, or the ternary complex was formed but was catalytically inactive. To distinguish between these possibilities, we estimated the binding affinity of L-dCTP through a competition assay (31, 32) , yielding a K d of 36 μM (SI Appendix, Fig. S8C and Table 1 ). In contrast to the fourfold higher affinity of D-dCTP, L-dCTP binds to R517A with a 54-fold lower affinity than to wild-type Polλ (Table 1 ). Furthermore, we tested the inhibitory effect of L-dCTP on D-dCTP incorporation catalyzed by R517A. Our results show that the incorporation of 5 μM D-dCTP was not affected by the presence of 5 μM L-dCTP (SI Appendix, Fig. S8D ). This is not surprising, as at the same concentration of 5 μM, L-dCTP was unable to compete against D-dCTP to bind to the R517A·DNA complex based on their 164-fold K d difference (Table 1) . Taken together, these kinetic results demonstrate that R517 plays a key role in the binding of L-dCTP, not D-dCTP, in pathway I. It is reasonable to assume that complexes I and M were not formed because the R517A mutation eliminated the key hydrogen bonding interactions between R517 and L-dCTP in these complexes (Fig. 5) . Without complexes I/M, complexes A/E could not form due to lack of the conversion (step 2) in pathway I (Fig.  5) . However, the weak binding affinity of L-dCTP with the R517A mutant (K d = 36 μM; Table 1) suggests that a small amount of complexes A/E was formed via pathway II under the conditions in SI Appendix, Fig. S8B . The R517A mutation likely did not impact the L-dCTP binding through pathway II, considering that residue R517 does not directly interact with L-dCTP within complexes A and E (SI Appendix, Fig. S9B) . Furthermore, the 54-fold lower affinity of L-dCTP with the R517A mutant than with wild-type Polλ (Table 1) caused by the absence of pathway I suggests the dominance of pathway I over II with wild-type Polλ. The lack of L-dCTP incorporation in SI Appendix, Fig. S8B indicates that the R517A mutation significantly perturbed the interactions within the active site of Polλ in complexes A and E (SI Appendix, Fig. S9B ) and rendered these complexes catalytically inactive. Based on the two pathways in Fig. 5 and the above kinetic results, we proposed a simplified kinetic scheme for L-dCTP binding and incorporation by Polλ (Scheme 1). In this scheme, the nonproductive complex (E·DNA n ·dNTP) N likely represents complexes M/I, whereas the productive complex (E·DNA n ·dNTP) P corresponds to complexes A/E.
Notably, the structures of complexes A, E, I, and M of Polλ-DNA-L-dCTP are very similar to those of the four corresponding complexes of either Polλ-DNA-(-)3TC-TP or Polλ-DNA-(-)FTC-TP (see above). For example, the active site structures of complexes A with the three L-nucleotides are almost superimposable (Fig. 6A) , and the same phenomenon can be found with complexes M (Fig. 6B) . Thus, it is very likely that Polλ incorporates (-)3TC-TP and (-)FTC-TP, the chemical analogs of L-dCTP, into a single-nucleotide gapped DNA substrate by following the same catalytic pathways (Fig. 5) and kinetic scheme (Scheme 1) as it does L-dCTP. Although not measured here, the rate for each of the steps in Fig. 5 or Scheme 1 is expected to be different among the three L-nucleotides.
Structural Basis for Potential Catalytic Pathways of D-Nucleotide
Incorporation. Unlike the L-nucleotides, D-dNTP has been crystallized with Polλ and DNA in only one binding conformationfor example, the structure of Polλ-DNA-D-dCTP in SI Appendix, Fig. S2A (20, 21) . This structural result and the 10 (Table 1) suggest that Polλ bound and incorporated D-dCTP by predominantly following pathway II, not pathway I (Fig. 5) . Consistently, the R517A mutation did not weaken the binding affinity of D-dCTP but actually enhanced it by fourfold (Table 1) . Interestingly, the ternary structure of the R517K mutant of Polλ (R517K-DNA-D-dNTP) shows that the template strand is in a similar position as in the canonical ternary structure (SI Appendix, Fig. S2A ), but the active site residues are intermediates between those observed in the binary (SI Appendix, Fig. S3A ) and ternary (SI Appendix, Fig. S2A ) structures with wild-type Polλ (33) . Molecular dynamic simulation studies demonstrate that the binding of D-dNTP to Polλ-DNA induces significant DNA motion and the reposition of the side chains of I492, Y505, F506, R514, and R517 before chemistry (30) . These results indicate that the conversion from the binary to ternary structures (SI Appendix, Fig. S7 A-C N ↔ (E·DNA n ·dNTP) P ↔ E·DNA n+1 ·PPi, whereas a D-nucleotide is predominantly incorporated via the pathway of E n ·DNA ↔ (E·DNA n ·dNTP) P ↔ E·DNA n+1 ·PPi. (E·DNA n ·dNTP) N and (E·DNA n ·dNTP) P represent nonproductive and productive ternary complexes, respectively. PPi denotes pyrophosphate.
and (−)FTC-TP (Table 1) , and these differences can be rationalized structurally. Current kinetic and structural results suggest that pathways I and II govern the binding and incorporation of L-dCTP and D-dCTP, respectively (see above). Consequently, the binding of D-dCTP is determined by the stability of Polλ-DNA-D-dCTP (SI Appendix, Figs. S2A and S5A), whereas all four complexes of each L-nucleotide (Fig. 5) contribute to the binding of the L-nucleotide. Interestingly, the active site interaction patterns for L-dCTP, (-)3TC-TP, and (-)FTC-TP in the same complex group-for example, complexes A (SI Appendix, Fig. S5 B-D) are analogous. However, in each complex group, the stacking interactions between the side chains of Y505 and F506 and the ribose are stronger in (-)3TC-TP and (-)FTC-TP than in L-dCTP because of the substitution of the C3′ atom of L-dCTP with a more electron-rich sulfur atom in (-)3TC-TP and (-)FTC-TP. The difference in the strength of the stacking interactions is also contributed by the slightly shorter interaction distance with (-)3TC-TP and (-)FTC-TP than with L-dCTP (Fig. 6) . The strong stacking interactions outweigh the favorable impact of the hydrogen bond formed between the 3′-OH of L-dCTP and the backbone carbonyl group of F506 (Fig. 6 D and F) and contribute to the two-to sixfold binding affinity difference between the L-dCTP analogs and L-dCTP. In addition, the reason (-)3TC-TP possesses a threefold higher affinity than its 5-fluorinated derivative (-)FTC-TP (Table 1) is because the strong electron-withdrawing 5-fluorine atom in the base of (-)FTC-TP alters the π electron distribution within the cytosine and thereby affects its stacking interactions with the primer 3′-base. In comparison, the stacking interactions in L-dCTP and D-dCTP have similar strength as a result of their chemically identical ribose and comparable distance between the ribose and the side chains of Y505 and F506 (Fig. 6 C, D, and F) . Because the binding of L-dCTP (complexes A/E) and D-dCTP are alike in pattern and intensity and L-dCTP in complexes I and M is also bound tightly despite adopting different binding patterns (see above), the L-stereochemistry does not significantly alter nucleotide binding affinity. In contrast, because of an opposite ribose binding orientation caused by the L-stereochemistry, the 3′-OH of L-dCTP, not D-dCTP, forms a hydrogen bond with the backbone carbonyl group of F506 (Fig. 6 C and D) , which may lead to a slightly higher binding affinity for L-dCTP than for D-dCTP (Table 1) 
Although both D-dCTP and L-dCTP are incorporated by following the same kinetic mechanism in Scheme 1, the incorporation rate of D-dCTP is controlled by k 2 , whereas the k p of L-dCTP is a function of both k 1 and k 2 (see above). The conversion (k 1 ) of the nonproductive complexes (complexes M/I) to the productive complexes (complexes A/E) likely slowed down the overall incorporation rate of L-dCTP relative to the k p of D-dCTP. Moreover, the structures of complex A with L-dCTP and the canonical ternary complex of Polλ-DNA-D-dCTP, especially their active site structures, are similar but not identical, leading to very different k 2 values for the incorporation of the enantiomers. Owing to the 180°rotation of the ribose, the 3′-OH of L-dCTP and the primer 3′-OH in complex A face each other and may sterically clash (Fig. 3A) . To eliminate this problem, both the ribose and triphosphate of L-dCTP significantly adjust their binding conformations from those of D-dCTP (Fig. 6A) and allow water molecule-bridged hydrogen bonding interactions between these 3′-OH groups (SI Appendix, Fig. S5B ). These interactions likely weaken the primer 3′-OH group as a nucleophile during phosphodiester bond formation. In addition, relative to the active site structure with D-dCTP (Fig. 6A) , the binding of L-dCTP moderately alters the side chain conformations of active site residues D427, D429, D490, Y505, F506, and R514; repositions the divalent metal ions at sites A and B; and forms an extra hydrogen bond between the 3′-OH group of L-dCTP and the backbone carbonyl group of F506 (Fig. 6D) . For example, the side chain of F506 in Polλ-DNA-L-dCTP was rotated by 30-50°relative to its conformation in Polλ-DNA-D-dCTP (Fig. 6A) . Together, these active site rearrangements, the nucleotide binding conformational changes, and the aforementioned water-mediated hydrogen bonding interactions lead to a very different k 2 with L-dCTP than with D-dCTP and eventually a high ratio (Table 1) .
Notably, relative to L-dCTP, (−)3TC-TP and (−)FTC-TP lack the 3′-OH group and their C3′ atom is substituted with an electron-rich sulfur atom. These chemical changes in the ribose eliminate the water-mediated hydrogen bonding interactions, somewhat lessen the changes in the active site structure (Fig. 6A and SI Appendix, Fig. S5 C and D) , and stabilize nucleotide binding in complex A through stronger stacking interactions between the ribose and the side chains of Y505 and F506 (Fig.  6E) . As a result of these improved factors, (−)3TC-TP and (−)FTC-TP possess 21-to 33-fold higher incorporation rates, twoto sixfold tighter binding affinities (see above), and 67-to 119-fold greater incorporation efficiencies than L-dCTP, which collectively lower their D-stereoselectivity values relative to L-dCTP by 100-fold (Table 1) .
Structural Insight into Design of Improved Antiviral L-Nucleotides. If viral RTs bind and incorporate the L-nucleotides similar to Polλ, (−)3TC-TP and (−)FTC-TP will be more potent inhibitors of viral RTs than L-dCTP. This is probably why L-cytidine is not a potent antiviral nucleoside analog. Interestingly, Y115 and F160 of HIV-1 RT occupy the analogous positions in its active site as Y505 and F506 in Polλ. Ternary crystal structures of these L-analogs with HIV-1 RT are necessary to verify the roles of Y115 and F160 in the stacking and binding of an L-nucleotide and provide structural guidance in designing more potent RT inhibitors. For example, to make (−)3TC-TP and (−)FTC-TP stronger anti-HIV inhibitors, one could substitute atoms or groups in their ribose and base to improve the aforementioned stacking interactions with Y115, F160, and the primer 3′-base and enhance their binding and incorporation by HIV-1 RT. Subsequently, one should also consider if these improved RT inhibitors will have a stronger adverse effect on human DNA polymerases than (−)3TC-TP and (−)FTC-TP, resulting in higher in vivo toxicity. To minimize the inhibitory effect of (−)3TC-TP and (−)FTC-TP on human DNA polymerases, especially Polλ, one could substitute cytosine in these L-nucleotides for another base that cannot form hydrogen bonds with R517 and thereby eliminate pathway I (Fig. 5) . Regardless, these predications need to be verified by comprehensive crystallographic, kinetic, and toxicological investigation of any rationally designed L-nucleotide inhibitors.
Conclusion
In summary, the 12 ternary structures of human Polλ, DNA, L-dCTP, (−)3TC-TP, or (−)FTC-TP provide structural insight into how an L-nucleotide is bound and incorporated within the active site of Polλ. It would be interesting to see if other DNA polymerases and RTs form similar ternary structures with an incoming L-nucleotide as Polλ. Relative to the ribose of D-dCTP in the canonical ternary structure of Polλ-DNA-D-dCTP, the riboses of all of the L-nucleotides are flipped by 180°. The four ternary structures in a crystal asymmetric unit with each of the L-nucleotides reflect four different binding conformations formed along two proposed catalytic pathways for L-nucleotide incorporation. The two early binding ternary structures in pathway I contain unprecedented L-nucleotide:R517 pairs, whereas the evicted templating nucleotide dG is anchored by a hydrogen bond with the hydroxyl group of Y505. In each L-nucleotide:R517 pair, the triphosphate moiety of the L-nucleotide mostly displays a novel N-shaped conformation. In the two latter ternary structures of pathway I, the incoming L-nucleotide forms a normal Watson-Crick base pair with the templating nucleotide dG. Our site-directed mutagenesis and kinetic studies demonstrate that the side chain of R517 is critical for the formation of the four ternary complexes with each L-nucleotide. Because R517 is conserved in the X-family DNA polymerases, it will be interesting to see if other X-family enzymes bind to an incoming L-nucleotide through the arginine residue. Comparison of the ternary structures with D-dCTP, L-dCTP, (−)3TC-TP, and (−)FTC-TP reveals a structural basis for the difference in their kinetic parameters and associated D-stereoselectivity.
Materials and Methods
Preparation of Protein and DNA. Human full-length (34) and truncated Polλ (residues 245-575) (22) as well as the R517A mutant of human full-length Polλ (29) were expressed and purified as previously described. DNA oligomers in the single-nucleotide gapped DNA substrate for crystallization including template T11 (5′-CGGCGGTACTG-3′), an upstream primer P6 (5′-CAGTAC-3′), and a downstream 5′-phosphorylated primer P4 (5′-pGCCG-3′) and in the DNA substrate 21-mer·19-mer/41-mer (SI Appendix, Fig. S1A ) for kinetic studies were purchased from Integrated DNA Technologies. L-dCTP, (-)3TC-TP, and (-)FTC-TP were obtained from Jena Bioscience.
Crystallization and Structure Determination. Purified Polλ was concentrated to 16 mg/mL and then mixed with an annealed DNA substrate (P6·P4/T11) at a molar ratio of 1:3 (protein/DNA) to form a binary complex. A ternary complex was subsequently formed with the addition of 1 mM L-nucleotide [L-dCTP, (-)3TC-TP, or (-)FTC-TP]. Notably, identical Polλ and DNA concentrations and a similar nucleotide concentration (0.9 mM) were used in previous crystallographic studies (35) . Crystals were obtained using the hanging drop vapor diffusion method in which each Polλ ternary complex mixture was equilibrated against a reservoir buffer composed of 0.1 M sodium cacodylate (pH 6.5), 0.2 M calcium acetate, and 4% (wt/vol) PEG8000 (36) . Notably, noncatalytic Ca(II), rather than catalytic Mg(II), was used here, as Ca (II) has been used regularly to trap incoming nucleotides in preinsertion ternary complexes with other DNA polymerases (37) (38) (39) (40) (41) . Crystals were harvested and placed in cryosolutions in four different steps of increasing PEG [4-18% (wt/vol)] and ethylene glycol [12.5% (vol/vol)] concentrations before they were flash frozen in liquid nitrogen (36) . X-ray diffraction data were collected using LRL-CAT beamline facilities at Advance Photon Source, Argonne National Laboratory. X-ray diffraction data were processed using MOSFLM (42) . The structure was solved using the molecular replacement method by PHASER (43) using Protein Data Bank ID code 2PFP (20) as the initial model in the absence of ligands and solvent molecules. Structural refinement was carried out using REFMAC5 (44) . COOT (45) was used for visualization and model building. Quality of the models was assessed using PROCHECK (46) . Figures were created using PYMOL (47) .
Pre-Steady-State Kinetic Assays. All fast reactions were performed by using a rapid chemical quench-flow apparatus (KinTek). Our published experimental procedures (12) were followed here. Briefly, a preincubated solution of full-length human Polλ (600 nM) and 30 
